Introduction {#s1}
============

Type 2 diabetes is a major health concern worldwide ([@B1]) and is characterized by insulin resistance in peripheral tissues and dysregulated insulin secretion. Elevated levels of serum retinol-binding protein 4 (RBP4) cause insulin resistance and impair insulin signaling in mice ([@B2]). A mechanism for RBP4-induced insulin resistance is activation of proinflammatory pathways in adipose tissue ([@B3],[@B4]). Similar effects occur in endothelial cells, which could impair vascular function ([@B5]). Large epidemiologic studies demonstrate that an elevated level of circulating RBP4 is a marker for prediabetes ([@B6]), metabolic syndrome ([@B7]), hypertension ([@B8]), and increased risk of coronary heart disease ([@B9]). A gain-of-function polymorphism in the RBP4 promoter is associated with an 80% increased risk of type 2 diabetes ([@B10]). Lowering RBP4 levels with an RNA oligonucleotide in rodents that were fed a high-fat diet improves metabolic syndrome and hepatic steatosis ([@B11]). Therefore, strategies are needed to lower RBP4 levels to prevent and/or treat type 2 diabetes and associated cardiovascular disease.

Transthyretin (TTR) is a transport protein for thyroxine and a binding partner for RBP4. RBP4 binding to TTR reduces the glomerular filtration rate of RBP4 and retains it in the blood ([@B12]). Thus, TTR binding is a critical determinant of serum RBP4 levels. Serum TTR levels are elevated in insulin-resistant *ob/ob* mice ([@B13]) and in some insulin-resistant humans ([@B14]). In insulin-resistant *ob/ob* mice, renal clearance of RBP4 is reduced compared with lean mice, which likely is due to the elevated serum TTR and increased serum RBP4 binding capacity ([@B13]). The synthetic retinoid fenretinide disrupts the RBP4-TTR complex, promoting the renal clearance of RBP4. Fenretinide improves insulin resistance and hepatic steatosis in rodents ([@B2],[@B15],[@B16]), and also improves insulin resistance in overweight humans ([@B17]). Therefore, drugs that reduce RBP4-TTR binding may lower serum RBP4 levels and improve insulin-glucose homeostasis. In fact, a human trial using fenretinide to treat insulin resistance is in progress ([@B18]).

Another approach to lowering serum RBP4 levels is to decrease serum TTR levels. Not only are serum TTR levels elevated in some humans with obesity and insulin resistance ([@B14]), but also studies ([@B19]) suggest that TTR is a marker of dyslipidemia in humans. TTR associated with chylomicrons may affect triglyceride synthesis by increasing levels of acylation-stimulating protein ([@B20]), and TTR may play a role in reverse cholesterol transport by cleaving apolipoprotein (apo)A-I ([@B21]). Thus, TTR itself may also play a role in metabolic syndrome independently of RBP4.

Antisense oligonucleotides (ASOs) provide a specific and rapid method for lowering target gene expression. ASOs are well tolerated in humans, and an ASO targeting apoB100 was recently approved by the U.S. Food and Drug Administration for the treatment of familial hypercholesterolemia ([@B22]). Since RBP4 levels are elevated in the serum of insulin-resistant, high-fat diet--fed mice and *ob/ob* mice, we hypothesize that TTR-ASOs would be effective in lowering serum RBP4 levels and improving insulin sensitivity in these models. We show that treatment with TTR-ASOs markedly decreases serum TTR and RBP4 levels and improves insulin-glucose homeostasis without changing body weight.

Research Design and Methods {#s2}
===========================

Animals and Treatments {#s3}
----------------------

For studies in *ob/ob* mice, male C57BL/6J *ob/ob* mice (stock \#000632) and lean littermate controls (*+/+* or *ob/+*) were obtained from The Jackson Laboratory at 5--6 weeks of age. Mice were housed two to a cage and fed a chow diet (catalog \#5008; LabDiet) ad libitum. The *ob/ob* mice were randomized to a treatment group based on glucose level (5 h after the removal of food) and body weight at 7 weeks of age. Mice were treated with saline solution, a control ASO (141923; Isis Pharmaceuticals), or a TTR-ASO (401723; Isis Pharmaceuticals) twice a week (12.5 mg/kg i.p.). A human TTR-ASO (304258; Isis Pharmaceuticals) was used in a subset of studies (25 mg/kg twice a week for 3.5 weeks, followed by 35 mg/kg three times per week for an additional 2.5 weeks). ASOs were resuspended in saline solution as described previously ([@B23]). Mice were weighed weekly, and body composition was determined by DEXA (Lunar PIXImus Densitometer; GE Medical Systems). All aspects of animal care were approved by the Institutional Animal Care and Use Committee of the Beth Israel Deaconess Medical Center and Harvard Medical School and by Isis Pharmaceuticals.

For studies in high-fat diet--fed mice, obesity and insulin resistance were induced in 6-week-old C57BL/6J male mice (The Jackson Laboratory) by feeding the mice a 58% high-fat diet for 3 months (catalog \#12330; Research Diets). Subsequently, mice were treated with saline solution, a control ASO (141923; Isis Pharmaceuticals), or a TTR-ASO (401724; Isis Pharmaceuticals) twice a week (25 mg/kg s.c.). A lean control group was fed a chow diet (catalog \#5001; Purina \[Newco Distributors\]) and was treated with saline solution.

Serum Chemistries and Glucose and Insulin Tolerance Tests {#s4}
---------------------------------------------------------

Plasma insulin levels were determined by ELISA (Crystal Chemistry for *ob/ob* mice; ALPCO Diagnostics for high-fat diet--fed mice). The glucose × insulin product was calculated by multiplying 5-h food-removed glucose and insulin values. Cholesterol measurements in high-fat diet--fed mice were determined on an AU400E Clinical Analyzer (catalog \#OSR6283; Beckman Coulter). For glucose and insulin tolerance tests, *ob/ob* mice were fasted for 5 h and injected with glucose (1 g/kg, s.c.) or insulin (2.4 units/kg, s.c.; Humulin R; Eli Lilly), and high-fat diet--fed mice were fasted for 3.5--4 h and injected with insulin intraperitoneally.

Flow Cytometry of Surface Markers and Intracellular Cytokines {#s5}
-------------------------------------------------------------

The adipose tissue stromal-vascular fraction was obtained as described previously ([@B3]) and resuspended in PBS supplemented with 2% FCS. Surface markers were stained with saturating amounts of the following fluorescent-labeled monoclonal antibodies (BioLegend) for flow cytometry: CD11c (clone N418), CD11b (clone M1/70), F4/80 (clone CI:A3--1), CD206 (clone C068C2), and CD45 (BD Horizon clone 30-F11). For intracellular cytokine staining, cells were stimulated in vitro for 5 h at 37°C in 5% CO~2~ with a leukocyte activation cocktail (BD Biosciences) and stained with anti--tumor necrosis factor (TNF) antibody (clone MP6-XT22; BioLegend) as described previously ([@B3]). Cells were acquired on a specially ordered five-laser LSR II Flow Cytometer (BD Biosciences) at the Beth Israel Deaconess Medical Center Flow Cytometry Core and analyzed with FlowJo software (Tree Star).

PCR and Western Blotting {#s6}
------------------------

For Western blots, the following antibodies were used in *ob/ob* mice: RBP4 (catalog \#A0040; Dako) and TTR (catalog \#A0002; Dako). The following antibodies were used in in high-fat diet--fed mice: RBP4 (catalog \#210--437-C100; Alexis Biochemicals), TTR (catalog \#11891--1-AP; Proteintech), pAkt473 (catalog \#9271; Cell Signaling Technology), and Akt (catalog \#9272; Cell Signaling Technology). Real-time PCR was performed with the ABI Prism Sequence Detector system. For studies in *ob/ob* mice, the following primers and probes were obtained from Applied Biosystems: TTR (Mm00443267-m1) and TBP (Mm00446971-m1). For studies in high-fat diet--fed mice, the following primer/probe set was used: TTR-forward: 5′-CGTACTGGAAGACACTTGGCATT-3′; TTR-reverse: 5′-GAGTCGTTGGCTGTGAAAACC-3′; and TTR-FAM: 5′-CCCGTTCCATGAATTCGCGGATG-3′. Targeted mRNA was normalized to total RNA as determined by RiboGreen fluorescence.

Hyperinsulinemic-Euglycemic Clamp {#s7}
---------------------------------

Three days before experiments, mice were anesthetized with isoflurane, and an indwelling catheter was inserted in the right jugular vein. A dual-tracer clamp (\[3-^3^H\]glucose infusion and 2-deoxy-[d]{.smallcaps}-\[1-^14^C\]glucose bolus) was performed. After an overnight fast, \[3-^3^H\]glucose (0.05 µCi/min; PerkinElmer) was infused to estimate basal whole-body glucose turnover for 2 h. Hyperinsulinemic-euglycemic clamp was performed with a primed and continuous infusion of human insulin (15 pmol/kg/min; Humulin; Eli Lilly) to raise plasma insulin levels within a physiological range (\~200 pmol/L). Twenty percent glucose was infused at a variable rate to maintain glucose at basal levels (\~110 mg/dL). \[3-^3^H\]glucose (0.1 µCi/min; PerkinElmer) was infused throughout the clamp to estimate insulin-stimulated whole-body glucose turnover. Insulin-stimulated glucose uptake in individual tissues was estimated by the administration of a bolus (10 µCi) of 2-deoxy-[d]{.smallcaps}-\[1-^14^C\]glucose (2-\[^14^C\]DG) (PerkinElmer) at 75 min after the start of the clamps. At the end of clamps, mice were killed and tissues were taken for biochemical analysis. pAkt473 and Akt were measured in samples after the clamp. Glucose concentration during clamps was determined by a glucose oxidase method on an Analox Glucose Analyzer. Plasma concentrations of tracers were determined following deproteinization of plasma samples. The radioactivity of ^3^H in tissue glycogen was determined by digesting samples in KOH and precipitating glycogen with ethanol. Tissue 2-\[^14^C\]DG-6-P content was determined by ion exchange chromatography to separate 2-deoxy-[d]{.smallcaps}-glucose (2-DG)-6-P from 2-DG.

Statistical Analysis {#s8}
--------------------

Data were analyzed with GraphPad using a two-tailed Student *t* test or ANOVA as indicated. *P* \< 0.05 was considered to be statistically significant.

Results {#s9}
=======

TTR-ASOs Lower Expression of TTR RNA in Liver and TTR Levels in Serum in *ob/ob* Mice {#s10}
-------------------------------------------------------------------------------------

TTR expression was elevated 1.6-fold in liver of obese, insulin-resistant *ob/ob* mice compared with lean controls ([Fig. 1*A*](#F1){ref-type="fig"}), which is consistent with previous studies ([@B13]). TTR-ASO treatment decreased TTR expression in liver by \~90% compared with control ASO treatment. Prior to ASO treatment, serum TTR and RBP4 levels were both elevated in *ob/ob* mice compared with lean controls ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). After 2 weeks of TTR-ASO treatment, serum TTR levels were reduced by \~90% and serum RBP4 levels by \~80% in *ob/ob* mice receiving TTR-ASO treatment compared with *ob/ob* mice receiving control ASO treatment. Because of the 80% lowering of plasma RBP4 levels, we evaluated retinoid homeostasis, which is reflected in the expression of retinoid-responsive genes such as Cyp26a1 and retinoic acid receptor β ([@B24]). The expression of these genes was not decreased in liver or adipose tissue with TTR-ASO treatment compared with control ASO treatment, suggesting normal cellular retinoid levels (data not shown). These findings are consistent with normal tissue retinoid levels in male mice with genetic knockout of TTR ([@B25]).

![Treatment of *ob/ob* mice with TTR-ASOs decreases circulating levels of TTR and RBP4. *A*: TTR mRNA in livers of male lean and *ob/ob* mice after 8 weeks of ASO treatment. Plasma TTR levels in male lean and *ob/ob* mice prior to ASO treatment (0 weeks) and after 2 weeks of ASO treatment. *B*: Plasma RBP4 levels in male lean and *ob/ob* mice prior to ASO treatment (0 weeks) and after 2 weeks of ASO treatment. \**P* \< 0.05 vs. lean controls, \#*P* \< 0.05 vs. *ob/ob* mice treated with control ASO at the same time point by ANOVA. ASO treatment was started at 7 weeks of age. *n* = 8--16 per group. Data are expressed as the mean ± SEM. AU, arbitrary units; Con ASO, control ASO treatment; Sal, saline solution treatment.](db140970f1){#F1}

TTR-ASO Treatment Improves Insulin Sensitivity in *ob/ob* Mice Without Altering Body Composition {#s11}
------------------------------------------------------------------------------------------------

TTR-ASO treatment did not alter body weight in *ob/ob* mice compared with control ASO treatment ([Fig. 2*A*--*C*](#F2){ref-type="fig"}). Fat mass was increased ninefold in *ob/ob* mice compared with lean controls and was not altered in *ob/ob* mice treated with TTR-ASOs. Lean mass in *ob/ob* mice was not changed with TTR-ASO treatment. Food intake was increased by 1.8-fold in *ob/ob* mice compared with lean controls but was not affected by TTR-ASO treatment ([Fig. 2*D*](#F2){ref-type="fig"}).

![Treatment of *ob/ob* mice with TTR-ASOs does not alter body weight, fat mass, or food intake. Body weight (*A*), fat mass (*B*), and lean mass (*C*) determined by DEXA in male lean mice and *ob/ob* mice treated with ASO for 2.5 and 12.5 weeks. ASO treatment was started at 7 weeks of age. *D*: Food intake per day in lean and *ob/ob* mice at 8 weeks of age. \**P* \< 0.05 vs. lean mice by ANOVA. *n* = 8--16 per group. Data are expressed as the mean ± SEM. Con ASO, control ASO treatment; Sal, saline solution treatment.](db140970f2){#F2}

Prior to ASO treatment, at 7 weeks of age, *ob/ob* mice had elevated glucose levels and markedly elevated insulin levels measured 5 h after the removal of food compared with lean controls ([Fig. 3*A*](#F3){ref-type="fig"}). By 16 weeks of age (after 9 weeks of ASO treatment), this hyperglycemia normalized, which was reported to occur between 12 and 16 weeks of age by The Jackson Laboratory supplier ([@B26],[@B27]). Treatment with TTR-ASOs for 2 weeks lowered insulin levels, and the improvement was sustained at 6 and 9 weeks of ASO treatment. Insulin levels (*r* = 0.57, *P* = 0.01) and glucose-insulin product (*r* = 0.46, *P* = 0.03) correlate with serum RBP4 levels after only 2 weeks of ASO treatment ([Fig. 3*B*](#F3){ref-type="fig"}). The fact that \>50% of measurements of serum TTR levels in the TTR-ASO--treated mice were at or below the limit of detection made it uninformative to determine correlations with TTR. After 4 weeks of ASO treatment, *ob/ob* mice receiving TTR-ASO treatment had improved insulin sensitivity, as demonstrated by the results of an insulin tolerance test ([Fig. 3*C*](#F3){ref-type="fig"}). Glucose tolerance also tended to be improved in the mice receiving treatment with TTR-ASOs ([Fig. 3*D*](#F3){ref-type="fig"}).

![Treatment of *ob/ob* mice with TTR-ASOs improves insulin sensitivity. *A*: Glucose and insulin levels 5 h after the removal of food in male lean and *ob/ob* mice at baseline (0 weeks), and after 2, 6, and 9 weeks of ASO treatment. ASO treatment was started at 7 weeks of age. \**P* \< 0.05 vs. lean mice, \#*P* \< 0.05 vs. *ob/ob* mice treated with control ASO at the same time point by ANOVA. *B*: Correlation of plasma RBP4 levels with insulin and glucose × insulin product in male *ob/ob* mice after 2 weeks of TTR-ASO treatment. Glucose and insulin levels were measured 5 h after the removal of food. *C*: Insulin tolerance test (2.4 units/kg s.c.) after 4 weeks of ASO treatment. \**P* \< 0.05 for *ob/ob* mice treated with TTR-ASO vs. *ob/ob* mice treated with saline solution or control ASO by ANOVA with repeated measures for the comparison of each curve. *D*: Glucose tolerance test (1 mg/kg s.c.) after 3 weeks of ASO treatment. +*P* \< 0.05 for *ob/ob* mice treated with TTR-ASO vs. saline solution treatment, and *P* = 0.09 vs. control ASO treatment by ANOVA with repeated measures for comparison of each curve. *n* = 8 to 16 per group. Data are expressed as the mean ± SEM. AU, arbitrary units; Con ASO, control ASO treatment; Sal, saline solution treatment.](db140970f3){#F3}

Since lowering TTR levels lowers RBP4 levels, the improved insulin sensitivity could be RBP4 dependent. One mechanism by which RBP4 induces insulin resistance is by increasing adipose tissue inflammation, involving both innate and adaptive immune responses ([@B3]). Therefore, we sought to determine whether lowering circulating TTR levels, which results in lower circulating RBP4 levels, would alter inflammation in adipose tissue ([Fig. 4](#F4){ref-type="fig"}). As expected, in the adipose tissue of *ob/ob* mice, the number of macrophages and the percentage of proinflammatory M1 (CD11c^+^) macrophages were increased and the percentage of anti-inflammatory M2 (CD206^+^) macrophages was decreased compared with lean mice ([Fig. 4*A*](#F4){ref-type="fig"}). Treatment with TTR-ASOs decreases the overall number of macrophages in adipose tissue and the percentage of proinflammatory M1 (CD11c^+^) macrophages, while increasing the percentage of anti-inflammatory M2 (CD206^+^) macrophages. This is accompanied by a reduction in the percentage of macrophages that produce the cytokine TNF, demonstrating anti-inflammatory effects with TTR-ASO treatment ([Fig. 4*B*](#F4){ref-type="fig"}).

![Treatment of *ob/ob* mice with TTR-ASOs reduces adipose tissue inflammation. *A*: Flow cytometry representation of gated CD45^+^F4/80^+^CD11b^+^ adipose tissue macrophages expressing CD11c^+^ (M1 macrophage) or CD206^+^ (M2 macrophage) (top). Number of macrophages, percentage of inflammatory CD11c^+^ macrophages, and percentage of anti-inflammatory CD206^+^ macrophages (bottom). *B*: Flow cytometry representation (left) of adipose tissue macrophages expressing TNF in male lean and *ob/ob* mice. Percentage of TNF^+^ adipose tissue macrophages (right). \**P* \< 0.05 vs. lean mice, \#*P* \< 0.05 vs. *ob/ob* mice treated with control ASO by ANOVA. ASO treatment was started at 7 weeks of age. *n* = 6--12 per group. Data are expressed as the mean ± SEM. ATM, adipose tissue macrophages; Control, combined saline and control ASO treatment; Pg fat, perigonadal fat; Sal, saline solution treatment.](db140970f4){#F4}

Since TTR can promote insulin secretion ([@B28]), we measured glucose-stimulated insulin levels, which were not altered in *ob/ob* mice treated with TTR-ASO, suggesting normal secretory capacity (data not shown). Since some studies ([@B20],[@B21]) indicate that TTR may be important in cholesterol metabolism, we measured parameters of lipid metabolism. Total cholesterol and HDL cholesterol levels were elevated in *ob/ob* mice and were not altered with TTR-ASO treatment (data not shown). Cholesterol efflux from macrophages to mouse serum was not different when using serum from mice treated with TTR-ASO versus serum from mice treated with control ASO (data not shown).

We also determined whether milder treatment that reduces TTR and RBP4 levels to physiological levels but not below them would improve insulin sensitivity. We used a human TTR-ASO that is less potent against the mouse gene. This lowered plasma TTR levels by \~40% in *ob/ob* mice, resulting in levels similar to those in lean mice ([Fig. 5*A*](#F5){ref-type="fig"}). However, RBP4 levels were reduced by only 25%, resulting in higher levels than in lean mice. Similar to our prior cohort ([Fig. 3*A*](#F3){ref-type="fig"}), *ob/ob* mice had elevated glucose levels at 7 weeks of age that resolved by 13 weeks of age ([Fig. 5*B*](#F5){ref-type="fig"}). TTR-ASO treatment lowered insulin levels, demonstrating that a moderate reduction of TTR and RBP4 levels leads to sustained improvement of insulin sensitivity. The inhibition of gene expression achieved with ASOs made by Isis Pharmaceuticals is generally maintained for 3--4 weeks posttreatment and takes 8--10 weeks to fully reverse ([@B29]). Even with an ASO targeted against human TTR, which is less potent against mouse TTR, serum TTR levels remained decreased at 1.5 and 3 weeks after discontinuing ASO treatment and returned to baseline *ob/ob* levels 6 weeks after discontinuing ASO treatment (data not shown). Therefore, injecting ASOs twice a week sustains the reduction in TTR levels between doses.

![Reduction of TTR and RBP4 levels to physiological levels with TTR-ASOs improves insulin sensitivity. *A*: Plasma TTR and RBP4 levels in male lean and *ob/ob* mice prior to ASO treatment (0 weeks) and after 2 weeks of ASO treatment. *B*: Glucose and insulin levels 5 h after the removal of food in male lean and *ob/ob* mice at baseline (0 weeks) and after 2 and 6 weeks of ASO treatment. \**P* \< 0.05 vs. lean mice, \#*P* \< 0.05 vs. *ob/ob* mice treated with control ASO at the same time point by ANOVA. ASO treatment was started at 7 weeks of age. *n* = 10--14 per group. Data are expressed as the mean ± SEM. AU, arbitrary units; Con ASO, control ASO treatment; Sal, saline solution treatment.](db140970f5){#F5}

TTR-ASO Treatment Lowers TTR Levels and Improves Glucose-Insulin Homeostasis in High-Fat Diet--Fed Mice {#s12}
-------------------------------------------------------------------------------------------------------

TTR-ASO treatment decreased TTR expression by 98% in liver in high-fat diet--fed mice compared with saline solution and control ASO treatment ([Fig. 6*A*](#F6){ref-type="fig"}). Treatment with control ASO had no effect on circulating TTR levels in high-fat diet--fed mice. However, TTR-ASO treatment for 4 weeks decreased circulating TTR levels to undetectable levels. Circulating RBP4 levels were increased by 1.6-fold in the high-fat diet--fed mice treated with either saline solution or a control ASO compared with chow-fed controls ([Fig. 6*B*](#F6){ref-type="fig"}). Reduction in TTR levels with TTR-ASO treatment was accompanied by an \~95% reduction in circulating levels of RBP4, suggesting increased RBP4 clearance by the kidney, as expected.

![Treatment of high-fat diet--fed mice with TTR-ASOs decreases circulating TTR and RBP4 levels, and improves insulin sensitivity. *A*: TTR mRNA in liver in male mice fed a high-fat diet after 4 weeks of ASO treatment. Plasma TTR levels in male chow-fed and high-fat diet--fed mice. \**P* \< 0.05 vs. chow-fed mice, \#*P* \< 0.05 vs. high-fat diet--fed mice treated with saline solution or control ASO by ANOVA. *B*: Plasma RBP4 levels in male chow-fed and high-fat diet--fed mice after 3 weeks of ASO treatment. \**P* \< 0.05 vs. chow-fed mice, \#*P* \< 0.05 vs. high-fat diet--fed mice treated with saline solution or control ASO by ANOVA. *C*: Fed insulin levels in male chow-fed and high-fat diet--fed mice prior to ASO treatment (0 weeks) and after 3.5 and 6 weeks of ASO treatment. \**P* \< 0.05 vs. chow-fed mice, @*P* \< 0.05 vs. high-fat diet--fed mice treated with control ASO, \#*P* \< 0.05 high-fat diet--fed mice treated with saline solution or control ASO by *t* test. *D*: Insulin tolerance test (0.4 units/kg) after 6.5 weeks of ASO treatment. \**P* \< 0.05 for chow-fed vs. high-fat diet--fed mice treated with saline solution, control ASO, or TTR-ASO by ANOVA with repeated measures for comparison of each curve. \#*P* \< 0.05 for high-fat diet--fed mice treated with TTR-ASO vs. control ASO, *P* = 0.056 vs. saline solution by ANOVA with repeated measures for comparison of each curve. *E*: Fed LDL cholesterol levels in male chow-fed and high-fat diet--fed mice prior to ASO treatment (0 weeks) and after 6 weeks of ASO treatment. \**P* \< 0.05 vs. chow-fed mice, \#*P* \< 0.05 vs. high-fat diet--fed mice treated with saline solution or control ASO by ANOVA. *n* = 4--5 per group (*A*); *n* = 6--9 per group (*B--E*). Data are expressed as the mean ± SEM. AU, arbitrary units; Con ASO, control ASO treatment; HFD, high-fat diet; Sal, saline solution treatment.](db140970f6){#F6}

TTR-ASO treatment for up to 6 weeks did not alter body weight or food intake in high-fat diet--fed mice (data not shown). Untreated high-fat diet--fed mice had fivefold elevated insulin levels compared with chow-fed mice ([Fig. 6*C*](#F6){ref-type="fig"}). TTR-ASO treatment for either 3.5 or 6 weeks reduced insulin levels by 60% compared with saline solution and control ASO treatment. Corresponding fed glucose levels were unchanged with TTR-ASO treatment when insulin levels were lowered, indicating improved insulin sensitivity (data not shown). This was directly demonstrated by the results of an insulin tolerance test ([Fig. 6*D*](#F6){ref-type="fig"}).

As mentioned above, studies ([@B20],[@B21]) suggest that TTR may be involved in cholesterol metabolism. High-fat diet--fed mice had elevated levels of total cholesterol, HDL cholesterol, and LDL cholesterol compared with chow-fed mice (data not shown). TTR-ASO treatment for 6 weeks reduced LDL cholesterol levels compared with saline solution and control ASO treatment ([Fig. 6*E*](#F6){ref-type="fig"}), but did not alter HDL cholesterol levels (data not shown).

TTR-ASO Treatment Improves Insulin-Glucose Homeostasis During Hyperinsulinemic-Euglycemic Clamp {#s13}
-----------------------------------------------------------------------------------------------

To evaluate which tissues may contribute to the increased insulin sensitivity with TTR-ASO treatment, a hyperinsulinemic-euglycemic clamp study was performed in the high-fat diet--fed mice and chow-fed lean controls. Prior to the clamp, the basal glucose level was higher in high-fat diet--fed mice compared with chow-fed mice. TTR-ASO treatment decreased basal glucose levels compared with saline and control ASO treatment ([Fig. 7*A*](#F7){ref-type="fig"}). During the clamp, glucose was maintained at the same level in all groups (data not shown). The glucose infusion rate was decreased by 75% in high-fat diet--fed mice compared with chow-fed controls, indicating insulin resistance with the high-fat diet ([Fig. 7*B*](#F7){ref-type="fig"}). TTR-ASO treatment of high-fat diet--fed mice increased the glucose infusion rate by 50% compared with treatment with saline solution or a control ASO, demonstrating improved insulin sensitivity. Increased insulin sensitivity was also shown by a 30% increase in whole-body glycolysis in high-fat diet--fed mice treated with TTR-ASO compared with saline solution or control ASO ([Fig. 7*C*](#F7){ref-type="fig"}). Basal hepatic glucose production was not different with TTR-ASO treatment (data not shown). Hepatic glucose production in the presence of insulin was 80% higher in high-fat diet--fed mice treated with saline solution or control ASO compared with chow-fed mice ([Fig. 7*D*](#F7){ref-type="fig"}). TTR-ASO treatment of high-fat diet--fed mice reduced hepatic glucose production by 20%, indicating improved hepatic insulin sensitivity. Glucose uptake into skeletal and cardiac muscle was decreased in high-fat diet--fed mice treated with saline solution or a control ASO compared with chow diet--fed mice ([Fig. 7*E* and *F*](#F7){ref-type="fig"}). TTR-ASO treatment increased glucose uptake into gastrocnemius muscle by 44%, and into heart by 59%, compared with saline or control ASO treatment, demonstrating increased insulin sensitivity in skeletal and cardiac muscle. Glucose uptake into white adipose tissue was decreased with a high-fat diet compared with a chow diet and was not changed with TTR-ASO treatment (data not shown). Consistent with the improved insulin sensitivity in skeletal muscle, TTR-ASO treatment increased Akt phosphorylation by twofold in gastrocnemius muscle in high-fat diet--fed mice compared with mice treated with saline solution or a control ASO ([Fig. 7*G*](#F7){ref-type="fig"}).

![Treatment of high-fat diet--fed mice with TTR-ASOs improves insulin-glucose homeostasis during hyperinsulinemic-euglycemic clamp. *A*: Glucose levels prior to hyperinsulinemic-euglycemic clamp in chow-fed and in high-fat diet--fed mice receiving saline solution, control ASO, or TTR-ASO. Six-week-old C57BL/6J male mice were fed a high-fat diet for 3 months and treated with saline solution or ASO for 4 weeks. *B--F*: Glucose infusion rate during clamp, whole-body glycolysis, hepatic glucose production, glucose uptake in skeletal muscle, and glucose uptake in cardiac muscle during clamp in the presence of insulin. *G*: pAkt473/Akt in gastrocnemius muscle. \**P* \< 0.05 vs. chow-fed mice, \#*P* \< 0.05 vs. all other groups, @*P* \< 0.05 vs. high-fat diet--fed mice treated with saline solution or control ASO. *A*, *B*, and *E*, by ANOVA. *C*, *D*, *F*, and *G*, by *t* test comparing individual groups. *n* = 6--7 per group for *A--F*; *n* = 3 per group for *G*. Data are expressed as the mean ± SEM. AU, arbitrary units; Con ASO, control ASO treatment; Gastroc, gastrocnemius muscle; HFD, high-fat diet; Sal, saline solution treatment.](db140970f7){#F7}

Discussion {#s14}
==========

Since elevated circulating levels of RBP4 cause insulin resistance and TTR is a critical determinant of circulating RBP4 levels, we sought to determine whether lowering TTR levels improved insulin resistance. Other approaches to lowering RBP4 levels, which improves metabolic parameters in rodents, include treatment with RNA oligonucleotides ([@B11]) and the synthetic retinoid fenretinide ([@B2],[@B15],[@B16]). Although both TTR-ASO and fenretinide lower RBP4 levels by promoting its renal excretion, fenretinide may have additional effects due to the displacement of extracellular and intracellular retinoids ([@B30]) and the inhibition of enzymes such as β-carotene monooxygenase ([@B31]). Fenretinide can also affect signaling pathways ([@B32]) and basic cellular processes, including apoptosis ([@B33]). Therefore, since fenretinide may have side effects related or unrelated to altered retinoid homeostasis, it is important to develop different treatment approaches to reduce RBP4-TTR binding or lower TTR levels. Lowering circulating TTR levels could improve metabolic syndrome by reducing circulating levels of RBP4 or by RBP4-independent effects ([@B20],[@B21]).

Serum TTR levels are elevated by an average of 1.2-fold and as much as twofold in some individuals with insulin resistance ([@B14]), and this elevation could contribute to the increased RBP4 levels in these people. TTR levels are elevated in *ob/ob* mice but not in high-fat diet--fed mice ([@B13]). We found that TTR-ASO treatment decreases circulating levels of TTR and RBP4, and improves insulin sensitivity in genetic and dietary models of insulin resistance without changing body weight. Therefore, even insulin-resistant individuals without elevated TTR levels may benefit from the lowering of TTR levels. In both *ob/ob* mice and high-fat diet--fed mice, TTR-ASO treatment lowered circulating levels of TTR to below those in lean control mice ([Figs. 1*A*](#F1){ref-type="fig"} and [6*A*](#F6){ref-type="fig"}) and also decreased circulating RBP4 levels ([Figs. 1*B*](#F1){ref-type="fig"} and [6*B*](#F6){ref-type="fig"}). Therefore, treatment with TTR-ASOs is an effective means to lower circulating levels of TTR and RBP4 in genetic and diet-induced obesity.

Treatment with TTR-ASO improved insulin sensitivity, as demonstrated by decreased circulating insulin levels ([Figs. 3*A*](#F3){ref-type="fig"} and [6*C*](#F6){ref-type="fig"}), improved insulin tolerance ([Figs. 3*C*](#F3){ref-type="fig"} and [6*D*](#F6){ref-type="fig"}), enhanced glucose disposal on hyperinsulinemic-euglycemic clamp ([Fig. 7*B*](#F7){ref-type="fig"}), and increased insulin signaling ([Fig. 7*G*](#F7){ref-type="fig"}). In addition to enhanced glucose disposal, the clamp demonstrated improved suppression of hepatic glucose production, and augmented insulin-stimulated glucose uptake in skeletal and cardiac muscle ([Fig. 7*D*--*F*](#F7){ref-type="fig"}). This was accompanied by enhanced insulin signaling in muscle ([Fig. 7*G*](#F7){ref-type="fig"}). The improvement in insulin sensitivity coincided with the decrease in TTR as early as 2 weeks after initiating TTR-ASO treatment and was sustained for 9 weeks of treatment.

Three different ASOs were effective in decreasing TTR levels and improving insulin sensitivity. Even with the one ASO that achieved a modest reduction in TTR levels, insulin sensitivity was still improved ([Fig. 5*A* and *B*](#F5){ref-type="fig"}). We also found that TTR-ASO treatment of high-fat diet--fed mice lowered LDL cholesterol levels. This suggests that lowering TTR levels could be an effective treatment for insulin resistance and metabolic syndrome associated with obesity. The resultant increased insulin sensitivity that we observed with TTR-ASOs could be due to decreased TTR levels or to the fact that reducing TTR levels lowers RBP4 levels. Elevated RBP4 levels cause insulin resistance by increasing adipose tissue inflammation ([@B3]). We show that TTR-ASO treatment reduces adipose tissue inflammation, which could be due to the reduced circulating RBP4 levels ([Fig. 4](#F4){ref-type="fig"}).

TTR-ASO treatment could be a feasible approach to treating insulin resistance since the safety of ASOs has been shown in clinical studies in humans ([@B34]). ASOs targeting apoB100 are approved for the treatment of familial hypercholesterolemia ([@B22]). Furthermore, TTR-ASO treatment has been used in phase 3 clinical trials for TTR-associated amyloidosis ([@B35]) in which mutations in TTR destabilize the TTR tetramer and induce the formation of amyloid fibrils in tissues. In these trials, insulin resistance was not studied because of debilitating neurologic symptoms in some patients. However, these studies support the conclusion that TTR-ASOs effectively lower plasma TTR levels and are safe in humans.

TTR binding to retinol-RBP4 is critical to maintaining circulating RBP4 and retinol levels. TTR-ASO treatment lowers circulating RBP4 levels by 80--95%, which could potentially alter retinoid homeostasis. Mice with genetic knockout of TTR have only \~5% of wild-type circulating RBP4 and retinol levels, but they are fertile, viable, and do not show symptoms of vitamin A deficiency ([@B36]). These mice have normal dark-adapted electroretinogram responses as early as 3 weeks of age, and they are sustained throughout life ([@B37]) along with normal retinal morphology ([@B38]). Therefore, it is unlikely that treatment with TTR-ASO would lead to night blindness. Even animals with complete knockout of RBP4 have normal dark-adapted electroretinogram responses starting at 8 weeks of age and acquire normal visual function ([@B37]).

It is also unlikely that treatment with TTR-ASOs would lead to accelerated vitamin A deficiency since TTR knockout mice on a vitamin A--deficient diet do not develop vitamin A deficiency faster than wild-type mice. This suggests that TTR knockout mice can use stored retinol ([@B36]). Furthermore, retinol levels are normal in liver and other tissues of male TTR knockout mice ([@B25]). In our studies, the normal levels of the retinoid-responsive genes Cyp26a1 and retinoic acid receptor β ([@B24]) indicate normal retinoid status. However, the potential developmental effects of lowering TTR levels in the presence of vitamin A deficiency deserve consideration.

Since TTR is a carrier protein for thyroid hormone, the potential effects of lowering TTR levels on thyroid status are important. In humans, thyroxine-binding globulin, and not TTR, is the main thyroid hormone-binding protein. Individuals with mutations in TTR are euthyroid, because free thyroid hormone levels are maintained ([@B39],[@B40]). In rodents, TTR is the major thyroid hormone carrier protein. However, TTR knockout mice are euthyroid and have normal free thyroid hormone levels ([@B41],[@B42]). Their euthyroid status is further demonstrated by their normal thyroid-stimulating hormone dynamics and normal deiodinase activity in liver and brain ([@B41],[@B42]). These rodent studies indicate that even when TTR is the major thyroid hormone transport protein, its absence does not alter thyroid function. Therefore, lowering TTR levels with ASOs should not affect thyroid function in mice, and furthermore in humans in whom TTR is a minor thyroid-binding protein accounting for \~15% of circulating thyroid hormone ([@B43]).

Comparison of the phenotype of TTR-ASO treatment in adult mice with that of TTR knockout mice is of interest. Studies ([@B44]) reported no alterations of glucose tolerance, glycemia, or lipid levels in chow-fed TTR knockout mice on a wild-type background. In addition, TTR knockout in *ob/ob* mice did not alter basal glucose or insulin levels, but glucose tolerance tests were not performed ([@B45]). Furthermore, there are no reports of insulin tolerance testing, euglycemic clamp, insulin signaling, or other in-depth metabolic characterization of TTR knockout mice on either genotype and no data on a high-fat diet. The phenotypes could be different because peripherally administered ASOs target gene expression primarily in liver and fat ([@B46],[@B47]) and would not affect TTR expression in other tissues. TTR is also expressed in choroid plexus ([@B48]) and pancreatic islets. TTR synthesized by the choroid plexus regulates insulin-like growth factor receptor 1 in the central nervous system ([@B49]), and TTR in pancreatic α-cells may regulate glucagon expression ([@B50]). TTR in the tissues that are not targeted by peripheral ASO treatment could have important metabolic effects, which may make the phenotype different in TTR knockout mice compared with mice treated with TTR-ASOs.

RBP4 levels are elevated in most, although not all, insulin-resistant people, and elevated RBP4 levels are a marker for metabolic syndrome ([@B6]--[@B8]). Lowering RBP4 levels improves glucose homeostasis in both obese and lean rodents ([@B2],[@B11],[@B15],[@B16]) and may mediate some or all of the beneficial effects of lowering plasma TTR levels in insulin-resistant mice. Our studies demonstrate that lowering TTR levels with TTR-ASO treatment in mice with genetic or diet-induced obesity is an effective approach for improving insulin sensitivity. This improvement, which we observed as early as 2 weeks following ASO treatment, demonstrates that TTR plays an important role in glucose homeostasis either directly or indirectly by regulating RBP4 levels. Since plasma levels of RBP4 are elevated in most insulin-resistant humans, they are likely to benefit from the lowering of TTR levels regardless of whether the TTR level is elevated because RBP4 levels will also be reduced. Thus, lowering TTR levels is a promising approach to the treatment of insulin resistance.
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